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Abstract 
During geologic carbon sequestration, it is of immense importance that the migration of the injected plume of CO2 be monitored 
in order to ensure containment within the storage volume. We have previously described a framework for predicting future plume 
migration, taking into account routinely recorded well data (like injection rate or bottom-hole pressures). The cornerstone of our 
prediction process is the use of a particle-tracking proxy that provides the ability to assess rapidly the flow connectivity of 
multiple aquifer models without the need to use computationally expensive numerical simulators. In this paper, we extend the 
proxy to explicitly represent multiphase flow effects, buoyancy effects and the effect of fluid viscosity and compressibility. The 
resultant proxy is thus robust for representing plume migration corresponding to flow and transport of CO2 in aquifers exhibiting 
complex heterogeneity and for different physical flow and transport mechanisms.  
 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The process of creating accurate model(s) for an aquifer using data collected during the operation of a geologic 
sequestration project is of prime importance for predicting future migration of the CO2 plume. These models have to 
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be calibrated to observed field data by a process of ‘history-matching’, under the hypothesis that such calibrated 
models are the best representation of the real aquifer and hence provide the best estimate of future behaviour of 
injected CO2 into that aquifer. During this process of history matching, the uncertainty in reservoir architecture, 
geology and distribution of rock types and their associated petrophysical properties make it necessary to not just 
develop a single model but rather multiple models, each conditioned to all the available data. Performing grid-node 
updates to aquifer/reservoir parameters in order to minimize the mismatch between the observed and predicted 
response and subsequently repeating that process in order to develop multiple reservoir models, can be extremely 
time consuming. In lieu of this iterative updating process, it is useful to interpret the process of history-matching as 
an effort to find the most suitable candidates for the reservoir under study based on the observed responses; that is, 
history-matching becomes an exercise in selecting best-fit models for the reservoir. At the end of the model selection 
process the objective is not to get the single best-fit model, but a cluster of models that share the reservoir 
characteristics important to match the history and that permit assessment of the residual uncertainty after the data 
assimilation process. We have previously outlined such a model selection approach (Bhowmik 2010 [3], Mantilla 
2011 [6]) for finding best-fit models conditioned to injection data during CO2 sequestration. 
 
The efficient execution of the model selection process depends primarily on the method used for analysing the 
connectivity characteristics of the initial model set. Full physics flow and transport simulators are computationally 
time consuming, and dramatically increase the implementation time of the entire model selection algorithm. We 
have previously described an alternative method based on particle-tracking as a fast proxy for a full physics flow 
simulator (Bhowmik 2013 [2]). The proxy was shown to adequately capture the areal migration of CO2; however, it 
was unable to capture the primary migration paths in buoyancy dominated flows.  In this work, we address some of 
the limitations of the earlier proxy by introducing a new method for computing the transition of particles within the 
particle-tracking framework and a new method for particle tracking. We further demonstrate the applicability of this 
improved formulation on a synthetic example and a field case. 
 
Nomenclature 
D  Dispersion tensor 
B  Displacement matrix in random walk particle tracking (RWPT) 
kavg  Harmonic average permeability 
u  Velocity 
Xp(t)  Position of random particle at time ‘t’ 
ΔN  Difference in particle count 
ΔP  Difference in pressure 
Vb  Bulk volume 
ϕ  Porosity 
Scrit  Critical saturation 
Vinj  Injected volume of fluid 
Savg  Average saturation 
ξ(t)  Normal distribution of mean 0 and variance 1 
Pc  Capillary pressure 
krnw  Relative permeability of non-wetting phase 
krw  Relative permeability of wetting phase 
μw  Viscosity of wetting phase 
μnw  Viscosity of non-wetting phase 
Δρ  Density difference 
α  Angle with horizontal 
vBL  Buckley-Leverett velocity 
vmacro  Darcy velocity 
fW  Fractional flow value 
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2. Particle-tracking proxy 
The new particle tracking formulation is based on the approximation of tracer movement within the aquifer. The 
proxy consists of moving particles through the aquifer, subject to certain rules dictated by static rock properties and 
dynamic fluid properties. These particles are assumed to be mass-less, non-reactive tracers moving with the injected 
CO2, subject to the same physics as the fluid itself. The entire migration period is divided into smaller intervals, and 
the pressures and saturations are assumed constant within each of these intervals. Particles are moved within these 
intervals under the influence of the pressure field, conditioned to the static permeability distribution. The 
movements of the particles are kept independent of each other, and driven by a transition probability (described in a 
later section).  
2.1. Particle tracking algorithm 
The new formulation of the particle tracking is best described using an example. Consider a 5×4 grid (Figure 1 
(a)), where 4 particles are injected at the top-left corner of the grid and allowed to migrate through the grid. The path 
followed by each particle is shown by the lines of different colors, and the path followed by each particle is 
considered to be independent of the other paths. Each particle is allowed to undergo a predetermined number (seven 
for this demonstration) of displacement steps of equal length and we keep track of every grid block visited by each 
particle. 
 
After all the particles have been moved for a particular time interval, the number of particles that visited each 
grid block is counted, which can then be represented as a probability that a particular grid block will encounter the 
injected fluid (Figure 1 (b)). This method is thus used to create a probability map at the end of each time interval, as 
is shown in Figure 1 (c). 
 
To convert the probability map into a measure of CO2 saturation, suppose a net volume Vinj has been injected into 
the grid. The fractional flow curve (described in [4]) is used to get an estimate of the average saturation behind the 
CO2-water front. It is assumed that the average saturation in a grid cell with probability exceeding a threshold is the 
same as this value from the fractional flow curve. This assumption is justifiable because the particles are assumed to 
be massless entities entrained within the fluid (CO2 in this case) whose velocity is dictated by the fractional flow 
curve. Suppose this saturation is given by Savg. Then, the number of occupied grid blocks can be given as:  
  
(a) (b) (c) 
Figure 1. Demonstration of the new proxy formulation (a) Particles moving along pathlines shown as arrows  (b) Counting the number of 
particles crossing particular grid blocks, (c) Converting the particle counts to measures of probability. 
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௢ܰ௖௖௨௣௜௘ௗ ൌ ௜ܸ௡௝
௕ܸ߶ܵ௔௩௚ 
 
(1) 
where Vb is the bulk volume of a grid block, ߶is its porosity and ܵ௔௩௚is the average saturation described previously. 
Now, starting from the highest value in the probability map (which will be 1), we define a cutoff value of 
probability, then count the number of grid blocks with probability value greater than or equal to the cutoff (given by 
Ncutoff) . The cutoff is progressively decreased until it is equal to (or nearly equal to) Noccupied. All grid blocks with 
probability less than or equal to this cutoff are then assigned the saturation Savg. 
 
2.2. Transition probability 
The movement of particles within the proxy formulation is controlled by the transition probability, described as 
the probability of movement of a random particle from one grid block into a neighboring grid block. In the previous 
implementation of the proxy (Bhowmik et.al. 2010 [3]), the transition probability is a function of the difference in 
particle count, average permeability and initialization pressure (or depth) gradient between the current location of 
the particle and the candidate location, and was formulated as: 
 
௧ܲ௥௔௡ ൌ ߂ܰ ൅ ܭ௔௩௚ ݁ݔ݌ሺ߂ ௜ܲሻ 
 
(2) 
It was shown that while this formulation was adequate for capturing the large scale areal migration seen in the In 
Salah field in Algeria, it was not able to capture the gravity-dominated migration in the Sleipner field in the North 
Sea. Tests on synthetic models also showed movement of injected particles out of the primary migration channel 
which was not evident in full physics flow simulations of the same models. Hence, a new formulation of the 
transition probability was required that would capture not just the effects of gravity and permeability, but all the 
physics relevant to the migration and trapping of CO2 in the aquifer. 
 
In order to better capture all the processes which contribute to the migration and trapping of CO2 in the aquifer, it 
is instructive to look back at the classical formulation of the random walker particle tracking (RWPT [5]): 
 
ܺ௉ሺݐ ൅ ߂ݐሻ ൌ ܺ௉ሺݐሻ ൅ ሾݑሺܺ௉ǡ ݐሻ ൅ ߘ ή ܦሺܺ௉ǡ ݐሻሿ߂ݐ ൅ ܤሺܺ௉ǡ ݐሻǤ ߦሺݐሻξ߂ݐ 
 
(3) 
The important thing to note in this equation is that the randomness in the motion of the particle is imparted by the 
ξ term associated with B, which itself is associated with the dispersion tensor. Thus, the motion of particles using 
this equation largely depends on the solution of the velocity field and the randomness in motion is a function of the 
dispersion around this velocity field. 
 
The new formulation of the transition probability is calculated from the velocity (equivalent to a combination of 
the ሺܺ௉ǡ ݐሻ term and the ܦሺܺ௉ǡ ݐሻ term in equation 3) for the particular transition and normalized to obtain the 
probability, as follows: 
 
௧ܲ௥௔௡ ൌ
ݒ௜՜௝
σݒ௜՜௞ 
i:current location , j/k:current/all neighboring location 
 
(4) 
The velocity is estimated using a calculation of the Buckley-Leverett [4] velocity obtained from the fractional 
flow equation, and a macroscopic velocity term, as described in the subsequent sub-sections.  
 
The use of deterministic velocity values to define a transition probability is made possible by invoking the 
statistical decision of stationarity. The transition probability from a current block to the neighboring grid blocks 
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could be rigorously calculated if the flow simulation results of a large ensemble of models was available. 
Alternatively, we can invoke the assumption of stationary velocity in one single model, and calculate the transition 
probability by looking at all transitions between two nodes with the same separation and orientation as nodes i and j. 
However, even that would be expensive and so the calculation above assumes that the velocities required in 
Equation 4 have sampled all such transitions during their history and hence can be used to calculate the transition 
probability. 
2.3. Calculating the velocity term 
The fractional flow theory provides a method for computing the velocity term in the transition probability while 
incorporating the effects of gravity, capillary pressures and relative permeability. it relates the fractional flow of the 
phases to its saturation, and shows that the velocity of the phase is the slope of the fractional flow curve: 
 
ݒ஻௅ ൌ
߂ ௪݂
߂ܵ௪ ݓ݄݁ݎ݁ ௐ݂ ൌ
ͳ
ͳ ൅ ݇௥௡௪ߤ௥௡௪
ߤ௥௪݇௥௪
 
 
(5) 
This equation can be used to calculate the Buckley-Leverett velocity (vBL) which combined with a macroscopic 
velocity (that accounts for gravity) is used to compute the velocity term in equation 4.  
 
It was also recognized that the particle needed to move out further from the injection location over successive 
time intervals. This is reasonable because the particle would be first moving through near well regions, where the 
CO2 saturation is higher, which implies higher velocity through this region. Once it reached the outer edge of the 
fully saturated zone and moves into the two-phase brine-CO2 region, its velocity would decrease. Once it reaches the 
uninvaded zone, it should have a low velocity (but not zero). Thus depending on the position of the particle with 
respect to the injection location, the distance travelled by the particle over a fixed time increment is more initially 
and then decreases at later times. To represent this behaviour, we turned once again to the fractional flow equation. 
The fractional flow value could serve as a direct indicator of the ‘degree’ to which we needed to speed up a particle 
moving through the two-phase region. The velocity term could thus be written as: 
 
ݒ௜՜௝ ൌ ݒ஻௅ݒ௠௔௖௥௢ሺͳ ൅ ௐ݂ሻ 
 
(6) 
The macroscopic velocity vmacro for any particular transition can be written as the Darcy velocity: 
 
ݒ௠௔௖௥௢ ൌ
݇݇௥ሺ߂ܲ ൅ ߂ߩ݃ܪሻ
ߤܮ  
(7) 
 
This formulation of the transition probability explicitly accounts for density difference, absolute permeability, 
fluid viscosity and grid block depths (and thus the gross features of the storage structure). The continuous point 
source solution in a three-dimensional domain (Raghavan 1993 [8]) was used to compute the pressure drop ΔP: 
 
߂ܲ ൌ ݍܤߤͶߨ݇ݎ ݁ݎ݂ܿ ቌඨ
߶ߤܿ௧ݎଶ
Ͷ݇ݐ ቍ 
(8) 
 
This expression when incorporated into the transition probability allows us to account for injection rates, fluid 
viscosities, total compressibility and time. The distance r accounts for the length of the path followed by the particle 
from the injector. Suppose a particle were to follow a highly tortuous path from the injector to its current location, 
then, if the final distance of the particle from the injector is not very large, it can be expected that the pressure drop 
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that the particle experienced moving along the highly tortuous path would be much larger than the radial pressure 
drop from the injector. Using the same idea, the average permeability was also considered along the path taken by 
the particle to reach the current location. This also addresses one of the problems noted about the previous proxy 
formulation: that of taking only local values into consideration for the calculation of transition probabilities. The 
revised proxy on the other hand takes into consideration the path history of the particle up to its current location. 
 
It should be pointed out that this formulation contains all the physics of particle movement within a single 
equation, which makes it more similar to the master equation formulation of the Continuous Time Random Walk 
[7]. At the same time, the movement of particles on a gridded system makes the implementation closer to the 
Random Walker Particle Tracking [5]. The major point of departure from the classical random walker formulations 
is that it introduces uncertainty both at the advection and diffusion level, while the RWPT relies on a deterministic 
solution of the advection velocity with uncertainty reflected only at the diffusion scale. 
2.4. Particle movement and step size 
This modified implementation of the proxy was tested on a single synthetic model to compare it to flow 
simulations. The model is shown in Figure 2(a). The random particles moved a fixed number of steps during each 
time interval. While this proxy was able to capture the influence of heterogeneity on migration quite efficiently, and 
without much spreading out of the flow path, the size of the swept volume as a function of time is still a bit 
inaccurate when compared to the flow simulator response. As seen in Figure 2(b) and Figure 2(c), even though the 
proxy tracked the channel quite effectively, it underestimated the spread of the fluid along the channel towards the 
north-west and overestimated the fluid movement close to the injector.  
 
(a) (b) (c) 
Figure 2. Comparison of proxy response with simulator, initial formulation with FIXED NUMBER of steps. (a) Permeability distribution, with 
injection location in black, (b) Proxy response, and (c) A full physics flow simulator response.  
 
It is important for the proxy to not just capture the movement of fluid along permeability pathways, but also how 
this migration occurs in time. The fluid would have higher velocities and thus move farther in higher permeability 
zones than in lower permeability ones, and thus, if the step sizes (distance the particle moves when going from one 
grid block to the next) of the particles were equal, over a fixed time interval, particles should travel variable number 
of steps depending on the velocity of the particle. Alternatively, if we keep the distance intervals constant, then the 
time steps should be made variable depending on the velocity. 
To make the number of steps variable, the velocity in Equation (6) was used to find the ‘transition time’ from one 
grid block to the next. The particle was allowed to move as long as the cumulative time to make the transitions was 
smaller than the length of the time interval of constant pressure / saturation: 
  
 
 Sayantan Bhowmik et al. /  Energy Procedia  63 ( 2014 )  3853 – 3863 3859
 
ݐ௧௥௔௡௦ ൑ ߂ݐǡ ݓ݄݁ݎ݁ݐ௧௥௔௡௦ǡ ܿݑ݉ݑ݈ܽݐ݅ݒ݁ݐݎܽ݊ݏ݅ݐ݅݋݊ݐ݅݉݁ ൌ෍
݀௜՜௝
ݒ௜՜௝  
 
 
(9) 
2.5. Summary of new proxy 
The steps for the new formulation of the particle tracking proxy are summarized below: 
 
 
Figure 3. Flowchart of the new formulation of particle tracking proxy 
3. Verification of new proxy formulation 
The new proxy formulation was tested using two different field examples: the In Salah case where the CO2 
migration is primarily areal controlled by high permeability features, and the Sleipner case where the CO2 migration 
is primarily in the vertical direction and affected by heterogeneity in the vertical permeability. 
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3.1. Verification using the In Salah field case 
The In Salah field in central Algeria is a field scale geologic sequestration project. The field contains a gas cap 
underlain by a saline aquifer. CO2 is stripped out of the produced gas and re-injected into the water leg. The model 
for the In Salah gas cap and aquifer was used to test the proxy formulation. The purpose of the exercise was to 
demonstrate that the new proxy formulation is able to capture the major areal migration pathways, in the presence of 
competing forces due to permeability features and the reservoir structure. The model is displayed in Figure 4. 
  
  
Depth from surface to top of grid (m) Permeability (mD) 
Figure 4. Model used for testing the tracer-based proxy on a case mimicking the In Salah gas injection field case. 
Using this input model and the same injection location as one of the real injection wells, the new proxy 
formulation was tested. The result is shown in Figure 5. It is clear that the proxy is able to capture migration along 
the prominent heterogeneity feature responsible for the movement of the injected CO2. Further, there is preliminary 
indication that it is able to adequately capture the interplay of gravity (reflected by the structure of the reservoir in 
this case) and permeability, so that fluid movement is along the high permeability and towards the top of the 
structure.  
 
 
 
 
 
 
 
 
 
 
(a) 
  
 
 
 
 
 
 
 
 
 
(b)  
Figure 5. (a) Saturation of CO2 from numerical flow simulation (b) Proxy response showing fluid movement 
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3.2. Verification using the Sleipner field case 
The Utsira sand in the Sleipner field consists of extremely permeable sand made up of overlapping fan-lobes and 
separated by thin mudstone drapes (Arts et.al. 2008 [1]). These mudstone layers are typically 1 to 1.5 m in thickness 
(Zweigel et.al. 2004 [9]) and extensive; however, they are not completely sealing due to the presence of ‘holes’ of 
erosive or deformational origin. The CO2 injected into the Utsira formation rises almost vertically until it reaches 
one of the shale layers, then it migrates along the bottom of these layers till it reaches one of the sand ‘holes’ in the 
shale and then migrates upwards again. This has caused stratified CO2 layers below the shales, visible on time-lapse 
seismic surveys. 
To verify if the new proxy can capture gravity-dominated flow, the same structural model as Utsira was used. 
The model contains clean sand punctuated by 4 shale layers with erosional ‘sand holes’. The CO2 was injected into 
the bottom-most layer and allowed to migrate upwards under the influence of gravity. The upward movement would 
be occasionally interrupted by the shale baffles, whereby the CO2 would follow the structure of the layer and spread 
laterally until it reaches a sand ‘hole’, at which point the upwards migration would resume. This behavior, observed 
on time-lapse seismic data, is captured by the new proxy (Figure 7).  
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
Figure 7. (a) Time-lapse seismic data showing the stratification of injected CO2 in Utsira (Arts et.al. 2008 [1]) (b) Proxy result showing migration 
of CO2 captured both vertically and areally under shale baffles, similar to the seismic data 
 
Figure 6. Model used for testing an Utsira-like synthetic case. Shown here are 4 shale layers (permeability 0.1 mD) containing stochastic sand 
‘holes’. The rest of the model (total 50 layers) has a permeability of 2 D. 
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The proxy results are also compared to flow simulation results (Figure 8).The result from the proxy shows that 
the fluid movement in the vertical direction is being captured, as is the interruption to flow by the shale baffles and 
subsequent movement laterally. The comparison with the simulation clearly shows that the proxy is able to capture 
the vertical migration of the CO2 plume similar to the simulation results. It should be further noted that this response 
captured by the proxy was generated in less than 3 minutes of CPU time, as opposed to the simulation which 
required a runtime of 16.5 hours, running on 6 computer cores in parallel. 
 
 
4. Conclusions 
In this work, we have detailed the development of a new particle-tracking proxy that mimics the flow of non-
reactive tracers moving with the reservoir fluid (CO2 in this case). This proxy moves thousands of particles within 
user-defined time intervals driven by potential differences between neighboring grid blocks. It then calculates 
probability maps of how likely each grid block is of being contacted by the migrating particles within the given 
interval of time. At the end of each time interval, the pressure and saturation fields are updated and the process is 
repeated. The proxy is quite effective for representing viscosity driven flow, gravity, fluctuations in injection rates, 
reservoir structure and two-phase flow. 
We verified the applicability of the proxy using different models to show its validity for different scenarios. The 
proxy response was tested on real field models (In Salah and Sleipner) where there is a combination of areal and 
vertical migration taking place, and was shown to yield responses close to numerical simulations. Additionally, the 
proxy run times were almost 40 times less than for comparable numerical simulations, making it an ideal 
computational tool for quickly discriminating differences between various reservoir models and for uncertainty 
assessment. This capability makes it well suited for low cost plume monitoring strategies that rely on model 
selection, rather than classical history matching.  
  
Numerical simulation New proxy 
Figure 8. Comparison of CO2 saturation from numerical simulation and the new proxy, for case with strong interplay between  gravity and 
viscous effects. 
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